Urotensin II (UII) is a cyclic peptide that was originally extracted from the caudal neurosecretory system (CNSS) of fish. UII is well known to exhibit cardiovascular, ventilatory, and motor effects in vertebrates. Studies have reported that UII exerts mitogenic effects and can act as an autocrine/paracrine growth factor in mammals. However, similar information in fish is limited. In this study, the full-length cDNAs of UII and its receptor (UT) were cloned and characterized in the orange-spotted grouper. UII and UT were expressed ubiquitously in various tissues in grouper, and particularly high levels were observed in the CNSS, CNS, and ovary. A functional study showed that UT was coupled with intracellular Ca 2C mobilization in HEK293 cells. Studies carried out using i.p. injections of UII in grouper showed the following: i) in the hypothalamus, UII can significantly stimulate the mRNA expression of ghrh and simultaneously inhibit the mRNA expression of somatostatin 1 (ss1) and ss2 3 h after injection; ii) in the pituitary, UII also significantly induced the mRNA expression of gh 6 and 12 h after injection; and iii) in the liver, the mRNA expression levels of ghr1/ghr2 and igf1/igf2 were markedly increased 12 and 3 h after the i.p. injection of UII respectively. These results collectively indicate that the UII/UT system may play a role in the promotion of the growth of the orange-spotted grouper.
Introduction
Urotensin II (UII) is a cyclic neuropeptide that was first isolated from the urophysis of the teleost fish goby Gillichthys mirabilis (Pearson et al. 1980 ) and subsequently identified in many vertebrates, such as frogs (Conlon et al. 1992) , humans (Coulouarn et al. 1998) , mice, and rats (Coulouarn et al. 1999) . The mature form of UII has a cyclic structure formed by a disulfide bond at the C terminus, in which the '-Cys-Phe-Trp-Lys-Tyr-Cys-' sequence is fully conserved across vertebrate species, whereas the amino acid sequence at the N terminus is rather variable (Onan et al. 2004 , Conlon 2008 , Vaudry et al. 2010 . Comparative genomic studies have shown that the UII and somatostatin (SS) genes derive from a common ancestral gene (Tostivint et al. 2006 (Tostivint et al. , 2008 . Both these genes share the common -Phe-Trp-Lys-sequence, which is functionally important. Soon after the identification of UII in humans (Coulouarn et al. 1998) , GPR14, which is an orphan receptor, was first identified as the receptor of UII (Ames et al. 1999) . The UII receptor, now renamed UT, is a member of the family of G-proteincoupled receptors (GPCRs; Onan et al. 2004) . UT shares high sequence identity with the SS receptors (SSTRs). Both UT and one of the SSTRs, SSTR3, are located on the same chromosome (Tostivint et al. 2006 (Tostivint et al. , 2008 . In mammals, both UII and UT are widely expressed in the CNS and various peripheral tissues (Onan et al. 2004 , Malagon et al. 2008 . UII has been cloned from many fish species, such as flounder (Lu et al. 2006) , killifish (Evans et al. 2011) , and eels (Nobata et al. 2011) . Although the caudal neurosecretory system (CNSS) is the major site of UII expression, as in mammals, UII is also widely expressed in the CNS, such as in the optic nerve, different parts of the brain, hypothalamus, pituitary, and spinal cord, and in peripheral tissues, including gill, head kidney, kidney, bladder, stomach, intestine, rectum, heart, spleen, liver, and ovary (Lu et al. 2006 , Evans et al. 2011 . The mRNA expression of UT has been identified in the CNSS, CNS, and different peripheral tissues of fish (Lu et al. 2006 , Evans et al. 2011 .
The widespread distributions of UII and UT indicate their multiple physiological actions in vertebrates. In mammals, UII is well known for its smooth-musclestimulating activity and is considered the most potent mammalian vasoconstrictor (Ames et al. 1999) . Numerous studies have demonstrated that the UII/UT system is involved in the control of cardiovascular activity (Watson & May 2004 , Vaudry et al. 2010 , locomotor activity, orexigenic and dipsogenic response (Do-Rego et al. 2005) , sleep (de Lecea & Bourgin 2008) , and endocrine hormone secretion (Gartlon et al. 2001) . Moreover, some recent studies in mammals have shown that i) UII exerts mitogenic effects on some tumor cells, such as SW-13 cells (Takahashi et al. 2003) and pheochromocytoma cells (Zeng et al. 2006) ; ii) hUII is an autocrine/paracrine growth factor in porcine renal epithelial cells (Matsushita et al. 2003) and involved in the pathogenesis of vascular remodeling (Zhang et al. 2008) ; and iii) UII can stimulate the proliferation of human lung adenocarcinoma A549 cells, induce an increase in tumor volume and weight (Wu et al. 2010) , and promote the proliferation of rat bone marrow-derived endothelial progenitor cells (Xu et al. 2012) . These results collectively indicate that the UII/UT system acts as an autocrine/paracrine growth-stimulatory factor in the regulation of physiological actions in mammals. Although UII was first isolated from fish more than 30 years ago (Pearson et al. 1980) , the study of the physiological functions of the UII/UT system in fish is far behind that in mammals. In addition to the studies on the roles of UII in smooth-muscle contraction (Bern et al. 1985) , cardiovascular activity (Le Mevel et al. 2008 , Nobata et al. 2011 , and locomotor activity (Le Mevel et al. 2008) , most of the studies on fish have focused on its osmoregulatory functions (Vaudry et al. 2010) , such as its inhibitory effects on prolactin release in tilapia (Seale et al. 2013) and NaCl transport across the opercular epithelium in killifish (Evans et al. 2011) . However, to the best of our knowledge, a study similar to that conducted on the role of UII as an autocrine/paracrine growth factor in mammals has not been carried out yet in fish.
The orange-spotted grouper (Epinephelus coioides) is a commercially significant fish with a high economic value. It is widely cultured in the tropical and subtropical regions of Southeast Asia. The extremely low larval survival rate and the slow growth of the fingerlings have been the major obstacles in grouper aquaculture (Wu et al. 2012) . Understanding growth regulation in grouper is important for improving their growth efficiency in aquaculture. It is well known that the growth hormone (GH)/insulin-like growth factor (IGF) system plays a major role in the coordination of the growth of vertebrates, including fish (Reindl & Sheridan 2012) . The aim of this study was to investigate the hypothesis that the UII/UT system might act as an autocrine/paracrine growth factor in the regulation of the gene transcription of major hormones related to the growth of grouper. To achieve this purpose, the full-length cDNAs of UII and UT were first isolated from grouper. The mature peptides of UII and urantide, which is a specific antagonist of UT, were synthesized for a functional study, and after the construction of a UT expression vector, the functional properties of UT and the synthesized UII were characterized by an expression study of UT in human embryonic kidney 293 (HEK293) cells and intracellular Ca 2C measurements using a confocal technique. Finally, the effects of i.p. injections of UII on the mRNA expression of GH-releasing hormone (ghrh), ss1, ss2, gh, GH receptor 1 (ghr1), ghr2, igf1, and igf2 were examined. This study indicates that the UII/UT system may play a role in the regulation of the growth of the orange-spotted grouper.
Materials and methods

Animals
The orange-spotted grouper used for the in vitro study were obtained from the Huangsha market for aquatic products in Guangzhou, China. Two-year-old orange-spotted grouper with body weights (BWs) of 500-750 g were used for molecular cloning and tissue distribution studies. Eight-month-old grouper with BWs of 50-55 g, obtained from the Guangdong Daya Bay Fishery Development Center in Huizhou, China, were used for i.p. injection studies. For in vivo experiments, fish were cultured in a 150 l tank at a density of 12 fish per tank. These fish were allowed to acclimatize for 2 weeks in a recirculating seawater system at 25-28 8C under natural photoperiod conditions and fed commercial feeds until satiety two times daily during the experimental period. At the experimental end points, all fish were killed by anesthesia in 0.05% MS222 (Sigma) followed by decapitation. The target tissues were removed and snap-frozen in liquid nitrogen immediately, followed by storage at K80 8C until RNA extraction. All the animal experiments were carried out in accordance with the guidelines and approval from the Sun Yat-Sen University Animal Care and Use Committee.
Total RNA extraction and first-strand cDNA preparation Total RNA was isolated from different tissues by TRIzol/ chloroform extraction using TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. The final RNA concentration was determined by optical density (OD) measurements at 260 nm using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The integrity of RNA samples was verified by measuring the ratio of ODs at 260 and 280 nm. Only the RNA samples that had a ratio O1.8 were used for subsequent cDNA synthesis. After the removal of residual contaminating DNA with DNase I (NEB, Ipswich, MA, USA), 2 mg of total RNA isolated from samples of each tissue were reverse-transcribed into first-strand cDNA with oligo-dT/gene-specific primers (cloning or 3 0 /5 0 RACE) or random primers (real-time PCR) using the Superscript III Kit (Invitrogen).
Molecular cloning of cDNAs of UII and UT in orange-spotted grouper
The molecular cloning of UII and UT was carried out by nested PCRs coupled to 5 0 /3 0 RACE. Primers used for the isolation of the full-length cDNAs of the two genes are given in Supplementary were conducted at room temperature (w22 8C) in a Leica confocal system (Leica Microsystems Heidelberg GmbH, Germany). Excitation wavelengths were set to 488 nm, whereas the emission wavelength was fixed at 510 nm. Test substances were introduced gently into the imaging chamber with cell culture by hand pipetting. For studies under Ca 2C -free conditions, the old medium was replaced with HBSS buffer prepared without CaCl 2 and supplemented with 2 mM EGTA. Intracellular Ca 2C data are expressed as the florescence signals at 510 nm triggered by 488 nm excitation (referred to as florescence amplitude).
In vivo effects of UII via i.p. injection on the mRNA expression of hormones of growth regulation
Grouper with BWs of 50-55 g were allowed to acclimatize for 2 weeks in a recirculating seawater system at an ambient temperature under natural photoperiod conditions. The fish were fed two times daily (0900 and 1600 h) with commercial pellets until satiety and starved for 24 h before i.p. injection. The synthesized UII dissolved in distilled 1! PBS was injected i.p. at dosages of 10 ng, 100 ng, and 1000 ng/g BW. For the control group of each time point, grouper received injections of an appropriate volume of 1! PBS based on the BW of the individual fish. The dosage was selected based on our previous validation. Each fish received only one injection at the onset of the experiments (0900 h). At different time points (0, 3, 6, and 12 h) after i.p. injection, the fish were killed by decapitation. Tissues, including hypothalamus, pituitary, and liver, of each fish were quickly removed and snap-frozen in liquid nitrogen. After RNA extraction and reverse transcription, a real-time PCR was carried out to determine the mRNA expression of ghrh, ss1, ss2, gh, ghr1, ghr2, igf1, and igf2. Real-time PCRs were carried out on the LightCycler 480 Sequence Detection System (Roche) using a LightCycler 480 SYBR Green I Master Kit (Roche). All the primers used in this study are listed in Supplementary Table 1 . The PCRs were conducted with the following thermal cycling parameters: 95 8C for 10 min, followed by 40 cycles of amplification with denaturation at 95 8C for 10 s, annealing at 58 8C for 15 s, extension at 72 8C for 30 s, and then fluorescent signal collection at 80 8C for 5 s. Serial dilutions of plasmid DNA carrying the ORF of these target genes of grouper were used as the standards for data calibration. As an internal control, a real-time PCR for 18S rRNA was also conducted in each experiment. The quantitative results were normalized as a ratio of the target gene/18S expression level.
Data transformation and statistical analysis
Quantitative data are presented as meansGS.E.M. Significant differences in the tissue distribution and i.p. injection studies were estimated by one-way ANOVA followed by Duncan (D)'s tests. A P value of !0.05 was considered significant. Statistical analysis was carried out using the Statistical Package for the Social Sciences, version 17.0 (SPSS, Inc.).
Results
Molecular cloning and characterization of UII and UT
The full-length cDNAs of the UII precursor (GenBank: FJ751245.1) and UT (GenBank: FJ751245.1) were successfully isolated from CNSS and spinal cord tissue samples of grouper respectively. 
Tissue distribution profiles of UII and UT
To establish the tissue expression profiles of UII and UT in grouper, the mRNA expression of these two genes was examined by real-time PCR (Fig. 3) . The expression of UII and UT was detected in all the tissues examined, and both these genes were expressed in the CNSS and CNS, including the spinal cord, pituitary, forebrain, midbrain, hindbrain and hypothalamus, and the ovary at very high levels. Compared with its expression in the CNSS (UII/18SZ3.263750257), the expression levels of UII were extremely low in the heart (UII/18SZ7.02869!10 K7 ), kidney (UII/18SZ9.14547!10 K8 ), spleen (UII/18SZ 1.60515!10 K7 ), and gill (UII/18SZ3.22844!10 K7 ) (Fig. 3A) . In this study, the ovary was found to be the major site of UT expression in grouper. In addition, UT was also found to be highly expressed in the CNSS and hypothalamus, and lower expression of UT was observed in peripheral tissues, including the heart, kidney, spleen, rectum, and gill (Fig. 3B ). The expression of UII and UT in the liver of grouper was confirmed by RT-PCR using gene-specific primers (the same primers used in real-time PCR) for UII and UT (Supplementary Figure 2 , see section on supplementary data given at the end of this article).
Functional expression of grouper UT in HEK293 cells
In HEK293 cells transfected with pcDNA3.1/Zeo(K).gUT, UII treatment (0.4 nM) was effective in triggering a rapid Alignment of orange-spotted grouper UII precursor with the amino acid sequences of its counterparts reported in other species. The sequences used for UII precursor alignment were from flatfish (GenBank: CAD56908.1), flounder (GenBank: CAD56908.1), grouper (GenBank: ACN65410.1), tilapia (GenBank: XP_003438987.1), medaka (GenBank: XP_004070888.1), fugu (GenBank: CAI63878.1), rat (GenBank: NP_036040.1), and human (GenBank: AAD55577.1). The amino acid residues that are identical among the compared vertebrates are shaded in black, while the conserved amino acid residues are shaded in gray. The region covering the signal peptide is marked with a dotted line. The highly conserved, cyclic disulfide-linked structure across species is delineated with a solid line. The Lys-Arg dibasic site for the potential proteolytic cleavage is boxed with a solid line. (Fig. 4F) . A previous study has reported that SS14 can activate rat UT to induce Ca 2C mobilization in HEK293 cells (Liu et al. 1999) . A similar phenomenon was also observed in this study. The Ca 2C response induced by UII was biphasic with a peak after UII stimulation followed by a sustained stage (Fig. 5A) , while the Ca 2C mobilization triggered by SS14 was fast and transitory (Fig. 5B) .
Effects of UII on the mRNA expression of key hormones of growth regulation in grouper
To determine the functions of UII in the regulation of growth in grouper, different doses of UII were administered to grouper via i.p. injections. In addition, samples of various tissues, including the hypothalamus, pituitary, and liver, of each fish were collected at the end point of each treatment and used for RNA extraction and firststrand cDNA preparation. The real-time PCR technique was used to detect the mRNA expression of ghrh, ss1, and ss2 in the hypothalamus, that of gh in the pituitary, and that of ghr1, ghr2, igf1, and igf2 in the liver. The results of the study showed that the i.p injection of UII at doses of 10 and 100 ng/g BW significantly stimulated the mRNA expression of ghrh in the hypothalamus of grouper within 3 h (Fig. 6A ). By contrast, the i.p. injection of UII at a dose of 100 and 1000 ng/g BW obviously inhibited the mRNA expression of ss1 (Fig. 6B) and ss2 (Fig. 6C ) and at a dose of 100 ng/g BW significantly inhibited the mRNA expression of ss1 (Fig. 6B) . No effect of UII on the expression of these three genes was observed at the other time points, including 6 and 12 h after UII injection (Fig. 6 ). In the pituitary of grouper, the i.p. injection of UII at doses of 100 and 1000 ng/g BW significantly stimulated the mRNA expression of gh 6 h after injection (Fig. 6D ) and that at a dose of 100 ng/gBW significantly increased the mRNA expression of gh 12 h after injection (Fig. 6D ). In the liver of grouper, the i.p. injection of UII at a dose of 10 ng/g BW remarkably stimulated the mRNA expression of ghr1 ( Fig. 6E ) and ghr2 ( Fig. 6F ) 12 h after injection and that of both igf1 (Fig. 6G ) and igf2 ( Fig. 6H ) 3 h after injection.
Discussion
In this study, we cloned the full-length cDNAs of UII and UT of the orange-spotted grouper. The amino acid alignment of the prepro-UII showed that the C terminus of this molecule, which contains the UII mature peptide, is the only domain that exhibits significant amino acid identity among the different species, whereas the N terminus is highly variable. This result is consistent with those observed in other vertebrates (Onan et al. 2004 , Conlon 2008 , Vaudry et al. 2010 . The potential cleavage site for pro-hormone convertase is located at the Lys 116 -Arg 117 position. Cleavage at this site generates a 12 amino acids peptide, which is the putative mature peptide of grouper UII. It is well documented that the length of the UII peptide is variable among the vertebrates, ranging from 11 amino acids in humans to 17 amino acids in mice, and the size of UII in fish that has been reported to date is 12 amino acids (Vaudry et al. 2010) . The putative UT of grouper is composed of a short N terminus, seven TMDs joined by alternating extra-and intracellular loops, and a C-terminal region. Two conserved cysteine residues (C 97 and C 178 ), which are thought to form a conserved disulfide bridge that stabilizes the UT structure (Onan et al. 2004) , and a conserved aspartic acid (D 71 ) in TMD2 were found in this sequence. These are key signature residues of the rhodopsin family of GPCRs (Fredriksson et al. 2003) . Moreover, an (E/D) RY motif, which follows TMD3, and an NPx2-3Y motif at the end of TMD7 were also identified Tissue distribution of the UII (A) and UT (B) genes in the orange-spotted grouper. The tissues examined in the present study are as follows: CNSS, spinal cord, pituitary, forebrain, midbrain, hindbrain, hypothalamus, heart, kidney, spleen, rectum, gill, and ovary. Three sets of first-strand cDNA from samples of each tissue were used as templates in this study. The 18S rRNA was used as an internal control, and all quantitative results were normalized to the ratio of the target gene:18S expression levels. The data are presented as meansGS.E.M. (nZ9). The statistical differences were estimated using one-way ANOVA followed by Duncan (D)'s multiple range test (P!0.05). Groups with different letters display a significant difference (P!0.05).
in this sequence. The (E/D) RY motif is thought to be involved in the intracellular signal transduction of UT (Proulx et al. 2008) . The NPx2-3Y motif is present in the seventh TMD of most of the GPCRs and may play a role in the agonist-induced receptor internalization (Naor et al. 1998) . Consistent with the results of previous studies in teleosts (Le Mevel et al. 2008) , the CNSS is the major site of UII expression, although UII is also expressed at very high levels in the CNS. The detection of UII in the pituitary, forebrain, midbrain, and hindbrain in grouper is in accordance with the results obtained in flounder (Lu et al. 2006 ) and frogs (Coulouarn et al. 1998) . Among the peripheral tissues, the highest expression of UII was observed in the ovary, and this result is different from the results obtained in flounder, which exhibited the highest expression of UII in the rectum, even though the ovary was also found to be an important site of UII expression (Lu et al. 2006) . However, in eels, UII was only detected in the CNSS using the RT-PCR technique (Nobata et al. 2011) . Similar to the expression profile of UII, UT is abundantly expressed in the CNSS, CNS, and ovary in grouper. Moreover, the difference is that the ovary instead of the CNSS is the major site of UT expression. This result is quite consistent with the results obtained in flounder with the exception that the site with the highest expression of UT is the midbrain of flounder (Lu et al. 2006) . The mRNA expression of UII and UT in various fish tissues indicate that this peptide also has tissue-specific autocrine/ -free medium (with 2 mM EGTA) and then challenged with a single dose of UII (1 nM). Ca 2C trace after stimulation with UII is shown in (E). Moreover, in another experiment, the cells were treated with Ca 2C -free medium first and then challenged with 2 mM thapsigargin (TG), followed by treatment with 1 nM UII (F). Single-cell Ca 2C imaging was conducted in a Leica confocal system (Leica Microsystems Heidelberg GmbH, Mannheim, Germany). Excitation wavelength was set to 488 nm and the emission wavelength was fixed at 510 nm. Intracellular Ca 2C data are expressed as the florescence signals at 510 nm triggered by 488 nm excitation (referred to as florescence amplitude). The fluorescence measurements in this study were taken every 3 seconds, as such the x-axis unit 'Time(!3 s)' means that the real time for each point should be three times of the value shown on the x-axis.
paracrine roles (Lu et al. 2006) , which may involve growth and immune system, because there are reports of the mitogenic action of UII in human tumor cells (Zeng et al. 2006 ) and the immunomodulatory role of UII in teleosts (Singh & Rai 2011) . Interestingly, both UII and UT were found to be expressed in the ovary at very high levels in grouper, which implies that the UII/UT system may participate in the regulation of grouper reproduction. The results obtained in this study showed that 1 ng/ml (0.72 nM) UII significantly induces the release of estradiol in the ovary of sexually-mature grouper, and this stimulatory effect is similar to that observed for treatment with human chorionic gonadotropin, which was used as a positive control in the experiments (Supplementary Figure 1 , see section on supplementary data given at the end of this article). Some studies in mammals have demonstrated that UT is expressed and UII is endogenously synthesized and locally released in human corpus cavernosum. In addition, the UII/UT system has been shown to be involved in erectile function (d'Emmanuele di Villa Bianca et al. 2010 , Bianca et al. 2012 . Because information on the effects of the UII/UT system on reproduction is limited in teleosts, the UII/UTinduced regulation of reproduction in grouper needs further investigation. It is well known that the activation of UT by UII increases phosphoinositide turnover and subsequently triggers [Ca 2C ]i mobilization (Ames et al. 1999 , Lehner et al. 2007 , Vaudry et al. 2010 . In this study, the ability of the newly cloned UT to couple with Ca 2C mobilization was examined. The results showed that UII can significantly increase [Ca 2C ]i levels and the UII-induced Ca 2C mobilization consists of two major components, including extracellular Ca 2C entry and Ca 2C release from intracellular stores. Given that UT exhibits high sequence identity with SSTRs (Marchese et al. 1995) and that both SS and cortistatin can activate UT at a much lower efficiency than UII to stimulate [Ca 2C ]i mobilization (Liu et al. 1999) , the effect of SS14 on Ca 2C mobilization in HEK293 cells with grouper UT was also investigated. The results showed that SS14 can significantly induce a fast and transitory increase in Ca 2C levels. This type of Ca 2C mobilization is quite different from that triggered by UII in that the UII-induced Ca 2C levels were sustained for a long time. These results indicate that SS can activate grouper UT to stimulate Ca 2C mobilization and that there is cross-reactivity between SS and UT. As has been described in the Introduction, UII has mitogenic properties, and the UII/UT system acts as an autocrine/paracrine growth-stimulatory factor in the regulation of physiological actions in mammals (Vaudry et al. 2010 , Gong et al. 2011 . In the endocrine system, UII can regulate the secretion of various hormones in both fish and mammals (Vaudry et al. 2010) , such as prolactin in fish (Rivas et al. 1986 ) and rats (Gartlon et al. 2001) . Based on these results and the high expression levels of the UII/UT system in the hypothalamus and pituitary in grouper, we speculated that the UII/UT system may be involved in the regulation of the growth of grouper. In this study, we examined the effects of the i.p. injection of UII on the expression of major hormones that control growth and the hypothalamo-pituitary-liver axis in grouper. It is well known that GHRH is a major hypothalamic stimulator, whereas SS is a key inhibitor of GH synthesis and secretion in the pituitary gland (Sheridan & Hagemeister -sensitive dye Fluo3/AM (2 mM, Molecular Probes). After that, the cells were challenged with the vehicle (Veh; 1! PBS) for UII followed by treatment with 1 nM of UII (A) and 1 nM of SS14 (B) respectively. Single-cell Ca 2C imaging was carried out in a Leica confocal system (Leica Microsystems Heidelberg GmbH, Germany). Excitation wavelength was set to 488 nm and the emission wavelength was fixed at 510 nm. Intracellular Ca 2C data are expressed as the florescence signals at 510 nm triggered by 488 nm excitation (referred to as florescence amplitude). The fluorescence measurements in this study were taken every 3 seconds, as such the x-axis unit 'Time(!3 s)' means that the real time for each point should be three times of the value shown on the x-axis. Effects of the i.p. injection of UII on the mRNA expression of ghrh (A), ss1 (B), and ss2 (C) in the hypothalamus, gh (D) in the pituitary, and ghr1 (E), ghr2 (F), igf1 (G), and igf2 (H) in the liver of the orange-spotted grouper. After 2 weeks of acclimatization, grouper received i.p. injections of 1! PBS or different doses of synthesized UII (10 ng, 100 ng, and 1000 ng/g BW). Each fish was administered only one injection at the onset of the experiments. At a specific time point (0, 3, 6, or 12 h after i.p. injection), fish were killed and tissue samples of the hypothalamus, pituitary, and liver of each fish were collected for RNA extraction and reverse transcription. The mRNA expression of the genes was determined by real-time PCR. The 18S rRNA was used as an internal control, and all the quantitative results were normalized to the ratio of the target gene:18S expression level. The data are presented as meansGS.E.M. (nZ8-10). Statistical differences were estimated using one-way ANOVA followed by Duncan (D)'s multiple range test (*P!0.05).
2010, Reindl & Sheridan 2012) . In grouper, the full-length cDNAs of the ghrh precursor (Qian et al. 2012) and preprosomatostatin (Xing et al. 2005 , Qian et al. 2012 have been cloned. Their expressions in the hypothalamus and the GHRH-induced stimulation of gh mRNA expression and GH secretion in the pituitary have been confirmed (Xing et al. 2005 , Qian et al. 2012 . In the present study, UII exerted opposite effects on the mRNA expression of ghrh, ss1, and ss2, indicating that UII may participate in the regulation of GH synthesis and/or secretion at the level of the hypothalamus. A transient but noticeable increase in the basal ss1 and ss2 transcript levels was observed 3 h after the i.p. injection of UII ( Fig.  6B and C) . We do not know the exact mechanism that resulted in this phenomenon. Because UII was dissolved in the same 1! PBS that was used for the control group and the basal levels of SS1 and SS2 were stable at the other three time points studied (0, 6, and 12 h after injection), we propose the hypothesis that the decrease in the mRNA levels of ss1 and ss2 is due to the administration of UII rather than due to a loss of the effect of PBS after UII treatment. The gene expression of gh was found to be elevated 6 and 12 h after UII injection in the pituitary, and we suggest that this increase in gh expression may be due to the stimulation of ghrh transcription and the suppression of ss1 and ss2 transcription 3 h after i.p. injection. The results obtained for the stimulation of gh gene expression by UII are somewhat inconsistent with those of a previous in vitro study, which showed that UII had no significant effect on GH secretion in tilapia (Rivas et al. 1986 ). Thus, whether UII has an effect on GH release in the pituitary of grouper needs further investigation. The biological actions of GH are mediated by the transmembrane GHRs. In fish and other vertebrates, the expression of GHRs is most abundant in the liver. Multiple GHRs derived from distinct mRNAs have been described in many species of fish; however, it is not yet clear whether these GHRs have similar or distinct functions (Saera-Vila et al. 2007) . Two distinct cDNAs of ghr1 and ghr2 were cloned from grouper, and the expression levels of Ghr1 in the liver were much higher than those of Ghr2 (Li et al. 2007 ). This phenomenon is consistent with the results obtained in the present study: the basal level (control group received injections of 1! PBS instead of UII) of Ghr1 expression was 2-to 3.5-fold higher than that of Ghr2 expression in the liver. Moreover, the expression of both Ghr1 and Ghr2 was significantly increased 12 h after UII injection. Because the stimulation and inhibition of Ghrh and Ss1/Ss2 expression by UII respectively were observed 3 h after i.p. injection, the stimulation of Gh expression by UII was observed 6 and 12 h after injection, and the GH-induced GHR expression in the liver is a welldocumented phenomenon in mammals (Gonzalez et al. 2007 , Jiang et al. 2007 , we speculated that the stimulation of Ghr1 and Ghr2 expression by UII is the result of the increase in GH levels in the pituitary. GH is the principal regulator of IGF synthesis, and GH treatment in vivo and in vitro stimulates the mRNA expression of IGF1 and IGF2 in a variety of tissues, including those of fish and other vertebrates (Reindl & Sheridan 2012) . IGF2 is considered to be a primary growth factor required for early development, whereas IGF1 is required to achieve maximal growth. In the present study, UII stimulated the mRNA expression of both igf1 and igf2 3 h after UII injection, which indicates that UII may regulate the expression of igf mRNA at different growth stages of grouper. Because IGF levels were elevated just 3 h after UII injection, to determine whether the stimulation of igf transcription by UII is a consequence of the increase in GH levels in the pituitary or a direct effect of UII in the liver, primary liver cells of grouper were challenged with different doses of UII at 3 and 6 h respectively. However, UII showed no significant effect on the mRNA expression of both Igf1 and Igf2 at any dose or any time point (Supplementary Figure 3 , see section on supplementary data given at the end of this article), which indicates that UII cannot exert a direct effect on igf1 and igf2 gene transcription. Because, in addition to GH, other hormones, such as insulin, SS, cortisol, and thyroid hormones, can also influence igf mRNA expression in the liver and extrahepatic tissues (Reindl & Sheridan 2012) and UII is known to regulate the secretion of various hormones, such as prolactin, TSH (Gartlon et al. 2001) , and insulin (Silvestre et al. 2001) , we cannot exclude the possibility that UII indirectly stimulates igf mRNA expression through the regulation of other hormones in the liver. Collectively, these results delineate the hypothetical regulation of the transcription of genes encoding major hormones controlling growth in grouper by UII: after the i.p. injection of UII in grouper, UII simulated the mRNA expression of ghrh, simultaneously inhibited the mRNA expression of ss1 and ss2 in the hypothalamus, and subsequently induced GH synthesis and secretion in the pituitary. The increased GH level exerts its stimulatory effect through circulation on the transcription of ghr1 and ghr2 and subsequently induces the synthesis and secretion of IGFs. On the other hand, UII may indirectly upregulate the expression of liver igf mRNA by regulating other hormones. The increase in the levels of IGFs finally results in the promotion of the growth of grouper. Because we only examined the effects of UII on the mRNA expression of these genes and because the release of hormones, such as GH, may occur rapidly without changes in gene expression, future experiments, including measurements of the secretion of hormones, such as GH in the pituitary and IGFs in the liver, after UII injection, and in vitro studies of the synthesis of these genes and the secretion of the gene products in primary hypothalamic cells, pituitary cells, and liver cells, and the testing of other important genes that are known to control growth in fish, such as pacap and ghrelin, may be helpful to verify this hypothesis.
A previous study has reported that a time-dependent increase in the internalization of UT expressed in COS-7 cells is observed after the binding of UII (Proulx et al. 2005 ). An analysis of consecutive administrations of UII in human endothelial cells has shown that the response to the second administration of UII is smaller than that to the first administration, which indicates the occurrence of desensitization (Brailoiu et al. 2008) . These results indicate that, similar to most GPCRs, UT is also subject to desensitization. In this study, the analysis of the regulation of the expression of genes involved in the somatotropic axis by UII revealed that most of the responses, including those of ghrh, ghr1, ghr2, igf1, and igf2, were 'bell shaped' and, with an increase in the dose and/or time, the stimulatory response was dismissed completely. One reason for this phenomenon may be the desensitization of UT. A recent in vitro study has demonstrated that high doses (1 mM) of UII and UII-related peptide (URP) are capable of specifically activating two SSTRs, SSTR2 and SSTR5, and mimicking the effects of SS on its cognate receptors in CHO-K1 cells (Malagon et al. 2008 ). In our previous study, four types of SSTRs, including SSTR1, SSTR2, SSTR3, and SSTR5, have been detected in the CNS, pituitary, and liver of the orangespotted grouper (Haiyan et al. 2010) . Therefore, we cannot exclude the possibility that UII activated SSTRs in the present study. However, given that: i) it is well known that SS inhibits the production and release of GH and IGF1 at the pituitary and liver levels respectively in fish (Sheridan & Hagemeister 2010) , and ii) our in vitro study showed that SS14 can inhibit GH release but has no effect on the mRNA expression of gh in the pituitary of grouper, then it is possible that SS14 can significantly inhibit the mRNA expression of ghr1, ghr2, igf1, and igf2 in liver cells (B Wang, C Qin, W Li, 2013, unpublished observations) . If an effect similar to that described by Malagon et al. (2008) happened in this study, UII should have similar effects to those of SS on the expression of gh (no effect or inhibition), ghr1/ghr2, and igf1/igf2 (inhibition) in our in vivo study. Based on these reasons, we speculated that UII regulated the mRNA expression of these genes in our in vivo study mainly by binding to UT.
In summary, the full-length cDNAs of UII and UT were cloned and characterized in grouper. Our in vitro study showed that both UII and SS14 can trigger [Ca 2C ]i mobilization in HEK293 cells transfected with grouper UT, but the types of [Ca 2C ]i traces triggered by the two peptides are quite different. The in vivo study indicated that UII might act as a stimulatory factor in the promotion of the growth of grouper. Our ongoing research will focus on in vivo and in vitro studies to further define the role of the UII/UT system in the regulation of growth of the orange-spotted grouper.
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